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5 FIELD OF THE INVENTION 

The present invention relates to measuring properties in opaque features, and 
in particular to a metrology procedure to measure dishing that occurs in opaque 
features, e.g., after a chemical-mechanical polishing (CMP) step. 

10 BACKGROUND 

The metal interconnect of integrated circuits has conventionally been realized 
by blanket depositing a layer of metal on a planar insulating surface. Portions of the 
metal layer are subsequently removed in a photolithographically patterned etching step 
to form the resulting metal conductors. Conventional integrated circuits have 

15 generally employed somewhat resistive metal, such as aluminum, or metal alloys for 
the metal interconnect. 

Figs. lA through IG show a cut-away view of the conventional fabrication of 
an aluminum interconnect. As shown in Fig. lA, a relatively planar surface layer 10, 
which maybe, e.g., a silicon substrate, is covered with a dielectric layer 12, e.g., an 

20 oxide layer, which is patterned and etched. An aluminum layer 14, which may be an 
aluminum alloy, is blanket deposited over the dielectric layer 12, as shown in Fig. IB. 
A photoresist layer 16 is deposited over the aluminum layer 14 (Fig. IC), and is 
exposed and developed resulting in the structure shown in Fig. ID. The aluminum 
layer 14 is then etched, e.g., using a plasma etching technique, resulting in the 

25 structure shown in Fig. IE. The remaining photoresist layer 16 is removed resulting in 
the structure shown in Fig. IF. After these steps are completed, the surface is 
composed of metal lines with near vertical sidewalls above the surface of the dielectric 
layer 12, as shown in Fig. IF. Subsequently, dielectric layers are deposited and 
chemical mechanical polished (CMP) over the metal lines to yield a dielectric layer 18 

30 with a planarized surface, e.g., for the next metal layer, as shown in Fig. IG. 

A major change is being implemented in semiconductor processing by 
switching from aluminum to copper metallization. Copper is preferred to aluminum 
due to its lower resistivity and better electromigration resistance. Unfortunately, 



M-8555 I 'S 
618S60 vl 



copper IS difficult to etch and the switch from aluminum to copper has forced a change 
in the basic metallization process. Copper cannot simply be substituted for aluminum 
in the metallization process because plasma etching of copper is more difficult than 
plasma etching of aluminum (due to the lack of volatile copper halogen compounds). 
5 Additionally, if copper is allowed to directly contact the dielectric materials, it can 
rapidly diffuse through dielectric materials and contaminate the semiconductor 
devices. 

Thus, a "damascene" process has been developed whereby copper can be used 
as the interconnect metal. Rather than blanket depositing the interconnect metal on a 

10 substantially planar insulating substrate and then etching away parts of the metal layer 
to leave the conductors, trenches are formed in an insulating material. A composite 
layer of a diffusion barrier, nucleation layer and copper are then blanket deposited 
over the entire surface of the insulating substrate such that the trenches are filled. 
Chemical mechanical polishing is then used to planarize the integrated circuit surface 

1 5 and thereby polish away all the metal that is not in the trenches. The result is metal 
conductors disposed in trenches and a globally planarized surlace. 

Figs. 2A through 2C show a cut-away view of the conventional fabrication of a 
copper interconnect. As shown in Fig. 2A, a relatively planar surface layer 50, which 
may be, e.g., a silicon substrate, is covered with a dielectric layer 52, e.g., an oxide 

20 layer, which is patterned and etched. The dielectric layer 52 may be patterned and 

etched in multiple steps in order to produce trenches 54 and via 55. A diffusion barrier 
layer (not shown), nucleation layer (not shown), and copper layer 56 are blanket 
deposited over the dielectric layer 52 such that the trenches 54 and via 56 are filled, as 
shown in Fig. 2B. A chemical mechanical polishing step is then used to planarize the 

25 surface of the copper layer 56 (along with the diffusion barrier layer and nucleation 
layer) with dielectric layer 52, resulting in the structure shown in Fig. 2C. 

The ideal copper CMP process removes the copper, nucleation layer and 
diffusion barrier fi"om the surface of the dielectric while leaving behind the copper, 
nucleation layer and diffusion barrier in the trenches and contacts or vias. The ideal 

30 result would be a globally planarized surface with no vertical height change over the 
entire wafer surface. Fig. 3 shows the ideal resulting structure with a planar surface 
composed of a dielectric region 52a and idealized copper region 56a. Global planarity 
is desirable because of the depth of field requirements associated with the lithographic 
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Steps. Significant height variations on the surface will compromise the photoresist 
processing steps and subsequently the etching and metallization processes. Height 
vanations also imply undesirable variations in the copper thickness and metal line 
resistance. 

5 Unfortunately, because of the complexities associated with the CMP process, 

global planarity is not achievable. An artifact of the CMP process in copper 
metallization results from the copper and dielectric material having different polishing 
rates, resulting in what is known as ^'dishing". Fig. 4 shows a cut-away side view of 
the typical resulting structure after the CMP process, in which the surface of the 

10 copper region 56 is lower than the surrounding dielectric region 52. It should be 
understood that Fig. 4 is for exemplary purposes and is not to scale. Dishing may 
generally be defined as the maximum height difference between the metal region 56 
and the adjacent dielectric region 52 after CMP processing. 

Another artifact caused by the CMP process, as known to those of ordinary 

15 skill in the art, is "dielectric erosion," i.e., the dielectric regions exhibit a change in 
height over the surface of the wafer. This variation is related to the local density of 
metal features. Areas of low metal density exhibit the highest dielectric surface 
regions whereas areas of high metal density result in lower dielectric surface regions. 
Dielectric erosion, however, is beyond the scope of this disclosure. 

20 The processing of silicon wafers to form integrated circuit chips requires many 

complex processing steps. Each step must be careftilly monitored and controlled to 
maximize the quality and yield of the final product. With the imminent replacement of 
aluminum by copper to form the metallization layers on silicon wafers, new processes 
and metrology techniques must be developed and implemented. 

25 Accordingly, what is needed is an economical, reliable, rapid, precise and 

accurate metrology procedure that will characterize and control the individual process 
steps in the copper metallization process and specifically that will address dishing that 
results from certain polishing methods, such as the CMP process. 

30 SUMMARY 

A metrology process, in accordance with the present invention, measures the 
dishing of a first feature, e.g., an opaque or metal line, that is surrounded by a second 
feature, e.g., a dielectric layer, on a production substrate by measuring only height 
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variations of the opaque feature. The opaque feature may be, for example, a metal or 
metal alloy line containing, e.g., copper, aluminum, or tungsten, while the relatively 
transparent feature is a dielectric material. The metrology process is useful, for 
example, after the metal and dielectric materials undergo a polishing process, e.g., 
5 CMP, to approximately planarize the surface. The method includes generating a set of 
calibration data or curves that correlate the magnitude of dishing with the width of a 
metal line and the profile, shape or height variation of the metal line. In addition, 
different sets of calibration data may be generated based on different parameters used 
in the polishing process. The height variation of the metal line is measured using, e.g., 

10 a differential interferometer or a laser displacement sensor. The height variation may 
be described using a set of data, a curve, an average radius of curvature or a more 
complicated mathematical description. The height variation is then correlated with the 
calibration data to determine the magnitude of dishing. This calibration based process 
is particularly useful in measuring dishing due to the complexities associated with that 

15 measurement and the inability of conventional techniques to adequately measure 
dishing. 

The calibration data or curves are produced by providing a set of sample 
substrates having different widths of metal lines. The sample substrate is processed in 
a manner similar to that of the production substrate to produce dishing in the metal 

20 lines. Thus, for example, the sample substrate is polished using a CMP process. The 
dishing of the metal lines is then directly measured using, e.g., an atomic force 
microscope or a contact profilometer. The measured dishing of the different metal 
lines can then be related to the different values of widths, densities, as well as the 
profile shape of the metal lines. Additional sets of calibration curves may be 

25 generated using different parameter settings for the CMP process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1 A through IG show a cut-away view of the conventional fabrication of 
an aluminum interconnect. 
30 Figs. 2 A through 2C show a cut-away view of the conventional fabrication of a 

copper interconnect. 

Fig. 3 shows a cut-away view of the ideally planar metal and dielectric regions 
resulting from a polishing process. 
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Fig. 4 shows a cut-away view of the typical resulting structure after a CMP 
process showing dishing of the metal region. 

Fig. 5 shows a cut-away view of the typical resulting structure after a CMP 
process showing a profile of the dishing of a narrow, isolated metal line and a wide, 
5 isolated metal line. 

Fig. 6 is a flow chart describing the metrology process of the present invention. 

Fig. 7 is a flow chart describing the process of generating a set of calibration 
curves to be used in accordance with the present invention. 

10 DETAILED DESCRIPTION 

A metrology process, in accordance with the present invention, determines the 
amount of dishing of a feature on the surface of a flat substrate by comparing the 
measured shape of the feature against a set of predetermined calibration curves. This 
method is useful on substrates composed of more than one material, such as a metal 

1 5 (or metal alloy) and a dielectric matenal, and may be used for semiconductor wafers, 
flat panel displays, or other similar tlat substrates. The present metrology procedure 
can quantify dishing to fiilly characterize the shape of the surface after, e.g., a CMP 
process, in a fast, precise, accurate, reliable and economical manner. 

While it is preferred to directly measure the actual height difference between 

20 the metal and adjacent dielectric regions to quantify the dishing, direct measurement of 
the surface height of the copper feature and the dielectric feature with a form of 
radiation is difficult because these two materials respond in a complex manner to 
radiation. The copper material is essentially opaque to most forms of radiation and 
produces a material specific phase shift, while the dielectric material is partially 

25 transparent to most forms of radiation that are used for measurement purposes and also 
modifies the phase response in a complex manner. Layers or features buried in the 
dielectric layer may interfere with reflected signals making analysis of the dielectric 
surface difficult. A detailed measurement using, e.g., an ellipsometer, is necessary to 
understand the complex modification of the phase shift of the dielectric material. 

30 Metrology processes that may be used to measure the surface height of the dielectric 
region, however, are unsatisfactory due to cost, throughput and/or performance 
factors. Accordingly, only the surface of the copper feature is measured to quantify 
dishing in accordance with the present invention, which advantageously avoids 
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complexities associated with measuring the reflected signal from the transparent 
dielectric surface. 

While the present disclosure discusses the measurement of dishing of an 
opaque or metal material that is surrounded with a transparent or dielectric material, it 
5 should be understood that the present invention may be used to measure the dishing of 
a first feature surrounded by a second feature, where the first and second features both 
modify the phase shift in a complex manner. Thus, for example, the first and second 
features may both be transparent. By measuring only the first feature, complexities 
associated with measuring the signal from the second feature are advantageously 
10 avoided. 

As only the surface of the metal feature is used to determine the amount of 
dishing, it is important to note a few characteristics of the metal feature after the CMP 
process. 

Fig. 5 shows a cut-away view of the typical resulting structure after a CMP 
1 5 process showing a profile of the dishing of a narrow, isolated metal line 66a and a 

wide, isolated metal line 66b. As shown in Fig. 5, the magnitude of dishing increases 
with the size of the metal feature. The greatest amount of dishing occurs at the center 
of the metal features 66a and 66b, i.e., the maximum distance from the surrounding 
dielectric area, while the least amount of dishing occurs adjacent to the dielectric 
20 region 68. Consequently, the metal feature 66 surface forms a complex, concave 
shape. 

In one embodiment of the present invention, dishing is characterized by 
assigning an average radius of curvature to the profile of the metal features. Thus, as 
shown in Fig. 5, a narrow metal feature 66a exhibits a small average radius of 
25 curv ature while a wide metal feature 66b exhibits a large average radius of curvature. 
Of course, in other embodiments, more mathematically complex analysis may be used 
to describe the profile of the metal features compared to a simple average radius of 
curvature. 

Thus, the following relationships are observed for different areas on a wafer 
30 with respect to dishing: dishing is a function of parameters associated with the CMP 
process, dishing is directly proportional to metal line width, and dishing is inversely 
proportional to the average radius of curvature. 
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The metrology process, in accordance with the present invention, determines 
the amount of dishing of the metal feature by comparing the measured profile shape of 
the metal feature against a set of predetermined calibration curves. Fig. 6 is a flow 
chart 100 describmg the metrology process of the present invention. As shown in Fig. 
5 6, a set of calibration data is generated (block 102). The calibration data may be 

stored as raw data or may be stored as a curve, and thus will hereinafter be referred to 
as calibration curves. The calibration curves correlate the relationship between the 
CMP parameters, the metal line width, average radius of curvature and dishing. 
Important CMP parameters, for example, are related to the ratio of the chemical to the 

10 mechanical components of polishing process, such as slurry chemistry and pad 
composition. The calibration curves may be stored, e.g., in a database and are 
accessible during the metrology process. 

The height variation i.e., the profile shape, of a metal feature on a production 
wafer is measured (block 104). A number of methods may be used to measure the 

15 height vanations of the metal feature. The width of the metal features will already be 
known. 

One such method uses a differential interferometer. As is well known in the 
art, one type of differential interferometer w^orks by splitting a laser beam into two 
orthogonally polarized components. Each spot then hits the sample at normal 

20 incidence w ith a pre-determined spacing. After reflection from the surface of the 
sample, the two spots are recombined before hitting a detector. If there is a height 
difference between the two spots on the sample, there will be a relative change in the 
phase difference between the two spots upon recombining that will modify the 
amplitude of the signal hitting the detector. By modulating the phase of one spot 

25 relative to the other during the measurement, the actual step height can be calculated 
with the additional knowledge of the laser wavelength and any phase shifts associated 
with dielectric materials or different materials beneath the two spots. The local change 
in slope or height can be measured as the two small, adjacent spots traverse a metal 
feature. The shape of the metal feature can be determined from a plurality of 

30 measurements. The radius of curvature (or a more complex mathematical entity) can 
then be calculated from the shape of the feature. 

Another apparatus that may be used to measure the height variation of a metal 
feature on a production wafer is a laser displacement sensor. As is well known in the 
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art, a laser displacement sensor focuses a small laser spot onto the metal feature. The 
position of the reflected beam is then measured. This is repeated as the beam is 
scanned across the metal feature. The positional data can then be converted to an 
average radius of curvature. 
5 Ideally, the height variation of metal features will be measured in areas on the 

wafer that are composed of the metal, e.g., copper or copper alloy layer, the dielectric 
layer in which the metal was inlaid and the underlying silicon substrate without 
additional features present between the copper layer and the substrate. If these 
specific areas cannot be located on the wafer or if it is desirable to avoid the 
10 complexity associated with these areas, measurements may be made of copper features 
that have polysilicon lines and/or metal features below and adjacent to the copper and 
the substrate using the present invention without degrading the measuring signal from 
the top surface. 

Because dishing is a measure of the height difference between the surrounding 

15 dielectric material and the metal feature, the measured profile shape of only the metal 
feature on the production wafer is not the measurement of the dishing. There is an 
unknown height vanation at the interface between the dielectric material and the metal 
feature. Thus, to determine the amount of dishing, i.e., the height difference betw een 
the surrounding dielectric and the metal feature, the profile shape of the metal feature 

20 is compared to the calibration curves (block 106). 

Fig. 7 is a flow chart 150 describing the process of generating a set of 
calibration curves to be used in accordance with the present invention. A set of 
sample wafers is produced (block 152). Each sample wafer should include a fixed set 
of parameters, such as different line widths, and ideally should be as close as possible 

25 to the production wafer that is to be measured. To generate a useful set of calibration 
curves, a properly chosen number of experiments should be run on the sample wafers, 
with each experiment using a fixed set of CMP parameters. The sample wafers are 
polished using a fixed set of commonly used CMP parameters (block 154). 

The dishing on the sample wafers is then independently measured using, e.g., a 

30 calibrated atomic force microscope or contact profilometer (block 156). The 

independent measurement of the amount of dishing is then quantitatively related to the 
fixed set of parameters, e.g., metal line width, average radius of curvature and dishing 
(block 158). The experiments should be repeated at other values of important CMP 
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parameters to determine if the relationship between dishing and the average radius of 
curvature is modified by the CMP processing parameters (block 160). After 
generating an adequate set of calibration curves, measurements can then be made at a 
multitude of specific areas on a production wafer to quantify dishing by comparing the 
5 results to the set of calibration curves. 

Although the present invention is illustrated in connection with specific 
embodiments for instructional purposes, the present invention is not limited thereto. 
Various adaptations and modifications may be made without departing from the scope 
of the invention. For example, the inlaid metal features may be made of copper, 

10 aluminum, tungsten or any other appropriate metal or metal alloy. While the present 
disclosure discusses the measurement of dishing of an opaque or metal material that is 
surrounded with a transparent or dielectric material, the present invention may also be 
used to measure the dishing of a first feature that is surrounded by a second feature, 
where the first and second features both modify the phase shift in a complex manner. 

15 Thus, for example, the first and second features may both be transparent. The 

metrology process in accordance with the present invention is not limited to measuring 
dishing after a CMP process, but may be used after any process where dishing takes 
place. Further, the calibration curves produced using the sample wafers may be stored 
in a database and retrieved when performing measurements. Moreover, it should be 

20 understood that metrology process may be used with wafers, flat panel displays or any 
other device in which the measurement of dishing is desirable. Therefore, the spirit 
and scope of the appended claims should not be limited to the foregoing description. 
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